Antioxidant ingredients present in grape have been extensively investigated for their cancer chemopreventive effects. However, much of the work has been done on individual ingredients, especially focusing on resveratrol and quercetin. Phytochemically, whole grape represents a combination of numerous phytonutrients. Limited research has been done on the possible synergistic/additive/antagonistic interactions among the grape constituents. Among these phytochemical constituents of grapes, resveratrol, quercetin, kaempferol, catechin, epicatechin, and anthocyanins (cyanidin and malvidin) constitute more than 70% of the grape polyphenols. Therefore, these have been relatively well-studied for their chemopreventive effects against a variety of cancers. While a wealth of information is available individually on cancer chemopreventive/anti-proliferative effects of resveratrol and quercetin, limited information is available regarding the other major constituents of grape. Studies have also suggested that multiple grape antioxidants, when used in combination, alone or with other agents/drugs show synergistic or additive anti-proliferative response. Based on strong rationale emanating from published studies, it seems probable that a combination of multiple grape-ingredients alone or together with other agents could impart 'additive synergism' against cancer.
Introduction
Despite significant advancement in the understanding of the disease and its management, cancer still remains a global challenge and continues to affect millions of people worldwide. With the steady growth and aging of the world's population, the global burden of new cancer incidences is estimated to increase from 12.7 million in 2008 to 20.3 million by 2030 [1] . In the United States alone, a total of 1,658,370 new cases of cancer and 589,430 cancer-related deaths were predicted to occur in the year 2015 [2] . The reasons of the predicted rise in the global cancer burden are various and somewhat well established, which include lifestyle risk factors, diet, environment and occupational exposure to carcinogens and socioeconomic effects. For example, a study by Boileau and colleagues has suggested that consumption of tomato powder inhibited N-methyl-N-nitrosourea and testosterone-induced prostate carcinogenesis, but lycopene, one of its principle components failed to do so [7] . This suggests that the other ingredients in tomato may be important in the observed response. It is possible that these other agents synergize with lycopene to impart their effect whereas lycopene alone is not effective in this particular situation. However, on the contrary, other studies suggested that whole product of food may not be as effective as its isolated components. A study by Thiagarajan et.al . demonstrated that the soy flour and full-fat soy flake diets containing 0.049% genistein derivatives (primarily glycosides) were less effective in inhibiting the formation of precancerous colon lesions, foci with aberrant crypts, than the diet containing 0.015% genistein (as the aglycone) [8] . This example suggests that the soy food might have other constituent(s), which can lessen the response by altering the metabolism, absorption, or site of action of the bioactive agent genistein. Therefore, it is very important to increase our efforts to understand the metabolic and mechanistic interactions between bioactive natural agents present within a food. It is possible while some of the ingredients enhance to synergize the beneficial response whereas others may act in a reverse fashion to inhibit the overall response. Thus, if the interactions among individual agents are well-understood, it is conceivable to design 'personalized approaches' for specific situations.
Studies have also suggested that the use of a combination of natural agents with distinct molecular mechanisms offer an opportunity for maximizing chemopreventive effects while minimizing any adverse effects. Similarly, natural agents have been shown to exert additive/ synergistic effects with pharmaceutical drugs, possibly by modifying different molecular targets. Schwartz and colleagues have found that diets encompassing high levels of olive oil show a significant protective effect against colon tumor development that is additive with the inhibitory effect of sulindac, a non-steroidal anti-inflammatory drug [9] . These protective effects were found to be related with the regulation of both expression and activity of key proteins involved in prostaglandin-biosynthesis (COX-2) and apoptosis-induction (Bcl-2 and caspase-3) pathways [9] . Similarly, the soy isoflavone, daidzein, has been shown to improve the efficacy of tamoxifen against mammary tumors [10] . Interestingly, in the same study, a combination of genistein with tamoxifen produced an opposing effect when compared with tamoxifen alone [10] . These evidences suggest that carefully designed combinations of phytochemical with other phytochemical(s) or with pharmaceuticals may be beneficial in cancer management.
Grape: a conglomeration of potentially useful antioxidants
Grape, one of the most popular and widely cultivated and consumed fruits in the world, is very rich in antioxidants. Different forms of grape extracts, such as from the skin, seeds, or grape juice, have been shown to contain a number of phytochemicals including stilbenes, phenolic acids, and flavonoids. Remarkably, grapes are known to possess more than 1600 phytochemicals whose actual composition varies greatly among different varieties [6] . For example, muscadine grapes are known to possess resveratrol, ellagic acid, myricetin, quercetin and kaempferol as major poluphenols. In addition to this, grapes are also known to contain the appropriate amount of vitamin A, vitamin C, thiamine HCl, folic acid, calcium, iron, potassium, phosphorus, sodium, magnesium, manganese, copper, and zinc.
The most precious among the phytonutrients of grape is the "family" of natural agents called polyphenols that have been shown to possess health promoting effects, including prevention of diseases such as cancer. All kinds of grapes, red, green and black, contain a variety of polyphenols that occur in every part of the grape fruit: the flesh, the skin, and the seeds. Studies of grapes and isolated grape constituents such as resveratrol, flavonols, catechins, procyanidins, and anthocyanins suggest that these natural agents may help to protect against certain cancers, nerve and brain disorders, heart disease, arthritis and an array of several health conditions. Several in vitro and in vivo studies have demonstrated that grape phytochemicals may be involved in a broad spectrum of biological activities related to cancer pathophysiology.
Grape antioxidants: efficacy in combination chemoprevention
Based on published studies conducted in animal models, we have earlier proposed that grape antioxidant resveratrol together with other agents and drugs could be useful against cancer (reviewed in [5] ). We have also advocated the idea that grape constituents, in its natural combination in whole grape, may have the potential for health promotion and in the management of diseases [11] . In this review, based on recent research with a variety of grape antioxidants, we have discussed a rationale that intra-combinations of certain grape antioxidants may be useful in cancer management. Discussed below, we have limited our discussion to the major antioxidants in grape, namely, resveratrol, quercetin, kaempferol, catechin, epicatechin, and anthocyanins (cyanidin, malvidin, peonidin) [6] .
Resveratrol-Quercetin combination
As described above, grapes possess a vast array of constituents, many of which have healthpromoting effects. Resveratrol (3,5,4'-trihydroxystilbene), a major polyphenolic component of grapes, has received a great deal of attention of biomedical research community as well as general public and media (reviewed in [12] ). Most of the grape types contain resveratrol, albeit at varying levels. Although resveratrol has been under investigation for several of its beneficial effects for a long time, it's cancer chemopreventive effects were first shown in 1997 by John Pezzuto's group [13] . Quercetin (3,3′,4′,5,7-pentahydroxyflavone), is another grape antioxidant that has been extensively investigated for its cancer chemopreventive effects [14] . Quercetin possesses high free radical scavenger ability and has been shown to neutralize highly reactive species such as peroxynitrite and the hydroxyl radical [15] . Quercetin is a known inhibitor of PI3K, NF-κB, and several other important targets involved in cell growth and proliferation [14, 16, 17] . A few in vitro and in vivo studies have suggested the usefulness of combining resveratrol and quercetin for cancer management. These studies are discussed below.
In 1999, ElAttar and Virji investigated the combined effect of resveratrol and quercetin in concentrations equivalent to that present in red wines and demonstrated additive inhibition of oral squamous carcinoma cell (SCC-25) growth and proliferation (DNA synthesis) [18] .
This group, in a subsequent study, investigated the effects of diluted red wine which contained much lower concentration of resveratrol and quercetin (1.6 μM of each), and found a significant inhibition of cell growth, DNA synthesis and changes in cell morphology than individual agent alone or in combination, which they credited to the synergistic interactions of other wine phenols [19] . In a study by Melzig and Escher, a combination of resveratrol and quercetin has been shown to induce the cellular enzyme activity of neutral endopeptidase and angiotensin-converting enzymes associated with an inhibition of cellular proliferation of the neuroblastoma cell line SK-N-SH [20] . Further, this study demonstrated that the long-term treatment of neuroblastoma cells with quercetin and resveratrol enhanced the differentiation state of the cells [20] . Mertens-Talcott and Percival, have determined the interactions of grape polyphenols ellagic acid and quercetin with resveratrol for the induction of apoptosis and reduction of cell growth in human leukemia cells (MOLT-4) [21] . The authors found a synergistic interaction for the resveratrol and ellagic acid combination (combination index (CI) of 0.64) as well as for resveratrol and quercetin combination (CI of 0.68) [21] . In a previous study from the same group, ellagic acid was shown to significantly potentiate the effects of quercetin in the reduction of cell proliferation and the induction of apoptosis [22] . This group further assessed the antiproliferative activity of resveratrolquercetin mixture (1:1 ratio) against HT-29 colon cancer cells and found repression of oncogenic microRNA-27a, and induction of zinc finger protein ZBTB10, a specificity protein repressor [23] . In another study, Zamin and colleagues have found that resveratrol (10 μM) or quercetin (25 μM) individually had no effect on apoptosis induction against C6 rat glioma cells. However, when combined together, the combination had a strong effect on caspase 3/7 activation as well as presented a strong synergism in inducing senescence-like growth arrest [24] . Thus, the synergistic interaction among grape antioxidants observed in studies discussed above provides a rationale for further exploring these combinations against cancer in additional in-depth preclinical studies.
A limited number of in vivo studies have also explored the chemopreventive effects of resveratrol in combination with quercetin. Mouria and colleagues have determined the effects of the combination of resveratrol and quercetin against pancreatic cancer in vitro as well as in vivo a nude mouse model [25] . The study demonstrated that the combination exerted a synergistic effect on mitochondrial cytochrome c release and caspase-3 activation. Interestingly, the study found that cyclosporin A (an inhibitor of mitochondrial permeability transition (MTP)) alone inhibited cell death in quercetin treated cancer cells while both cyclosporin A and aristolochic acid (phospholipase A2 inhibitor) were required to inhibit resveratrol-mediated cytochrome c release and apoptosis. The results of this study support the suggestion that resveratrol and quercetin could also act on different pathways in addition to overlapping effects resulting in a synergistic response [25] .
In another study, Schlachterman et al. reported the superior combinatorial effect of resveratrol, quercetin, and catechin against metastatic breast cancers in fluorescently tagged breast tumor growth in nude mice model [26] . The authors found the peak tumor inhibition at 5 mg/kg dose (thrice a week starting at 1 day after xenograft implantation until sacrifice at day 118) of each compound in combined dietary polyphenols. In the same study, the in vitro data demonstrated that resveratrol, quercetin, or catechin individually (at 0.5 μM concentrations) were ineffective, however, a combination of the three exerted a synergistic inhibitory effect on ERα (-) ERβ (+) MDA-MB-231 breast cancer cell proliferation and on cell cycle progression [26] . In a subsequent study, these authors explored if resveratrol, quercetin, and catechin in combination inhibit Akt/mTOR signaling and potentiate the effects of gefitinib in breast cancer [27] . It was found that resveratrol, quercetin, and catechin induced apoptosis even in gefitinib-resistant breast cancer cells via regulation of a myriad of pro-apoptotic proteins. Further, using nude mice model, they showed that when combined resveratrol, quercetin, catechin, and gefitinib were more effective than the individual treatments in preventing mammary tumor progression and metastasis in nude mice [27] . Recently, Cote et al. have shown that the combination of resveratrol and quercetin in polymeric micelles, which retained 1.1 mg/mL and 1.42 mg/mL of resveratrol and quercetin, respectively, mitigated doxorubicin-induced cardiotoxicity in vitro and in vivo (in healthy mice) [28] . The in vitro cell viability and combination index data showed a synergistic interaction in human ovarian cancer cells (SKOV-3) and antagonistic in rat cardiomyocytes (H9C2) cells [28] . This study suggested resveratrol and quercetin may be useful in doxorubicin-chemotherapy, to limit the adverse effects of chemotherapy.
In the recent past, a few efforts have also been made to conduct clinical trials with the combination of grape antioxidants, for assessing their efficacy against cancer. For example, as registered at ClinicalTrials.gov, a phase II dietary intervention study (NCT00455416) in patients with Follicular Lymphoma (stage III/IV) was initiated at the Oslo University Hospital (Oslo, Norway) to assess the ability of several dietary factors to inhibit cell proliferation, induce apoptosis, and modulate tumor cell infiltrate in vivo. In this study, among other dietary formulations, resveratrol and quercetin (in the form of grape juice) were included to be studied. This trial was registered in 2007, however, no data is available so far. In another recent trial, steady-state pharmacokinetics and tolerability of trans-resveratrol with other dietary factors was evaluated in healthy human subjects. In this study, eight healthy subjects received resveratrol (2000 mg twice daily) and quercetin (500 mg twice daily) simultaneously, did not show any change in the pharmacokinetics of resveratrol [29] . These trials show an increasing interest of researchers in evaluating chemopreventive combinations of grape-based antioxidants. However, more intense efforts are required in this direction.
Kaempferol in combination with other grape constituents
Kaempferol (3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one), is a flavonol that exists in a variety of plants, including grapes. Several in vitro and in vivo studies have demonstrated the potential anticancer properties of kaempferol against several type of cancer [30] . Kaempferol has been shown to act as a superoxide scavenger and to increases the activity or expression of antioxidant enzymes [31] . The specific combination of resveratrol and kaempferol needs to be carefully evaluated for its potential chemopreventive effects. In this regard, Nöthlings and colleagues estimated intakes of three flavonols, quercetin, kaempferol, and myricetin and examined associations with incidence of pancreatic cancer in a multiethnic cohort study, with 183,518 participants, in Hawaii and California [32] . In this study, quercetin was found to contribute most of total flavonol intake (~70%), followed by kaempferol (~25%). The authors found that all three flavonols in diet, quercetin, kaempferol, and myricetin were associated with a decrease in the incidence of pancreatic cancer among current smokers, but not in never or former smokers, suggesting a potential chemopreventive effect of flavonols (in combination) against pancreatic cancer [32] .
Interestingly, resveratrol and kaempferol both are natural aryl hydrocarbon receptor antagonists and estrogen receptor (ER) agonists [33] . The aryl hydrocarbon receptor is a ligand-activated transcription factor intricate in the directive of biological reactions to planar aromatic hydrocarbons, and also known to modulate xenobiotic-metabolizing enzymes like cytochrome P450 [34, 35] . MacPherson and Matthews have demonstrated that inhibition of aryl hydrocarbon receptor-dependent transcription by kaempferol or resveratrol, in human breast cancer cells, was not related with the expression level of ERα [33] . Kowalski and colleagues have demonstrated that kaempferol, resveratrol, and apigenin inhibited TNF-α suggesting their anti-inflammatory activity [36] . However, these studies did not assess resveratrol and kaempferol in combination. It may be useful to study this specific combination against multiple cancers.
Catechin and epicatechin in combinatorial strategies
Catechins (flavan-3-ol) are plant-based flavanols, abundantly present in a variety of fruits and plants, including grapes. Epicatechin and catechin are epimers, with L-epicatechin and D-catechin being the most commonly occurring optical isomers in nature. Catechin concentrations are high in red wine, black grapes, blackberries, apples, cherries, pears, raspberries, broad beans, green tea, and chocolate. Typically about 10.5 mg of catechin is present in 100 g of grapes however the content is variable based on variety, location, and time of harvest. Intake of catechins has been connected with a variety of beneficial effects including improved plasma antioxidant activity (the ability to scavenge free radicals), dilation of the brachial artery (blood vessel expansion), oxidation of fat, and resistance of low-density lipoprotein to oxidation [37] . Although extensive cancer chemopreventive studies of catechins isolated from green tea have been done, not much is known about the effects of the monomeric non-gallate catechin, which are abundantly present in grapes [38] . Ebeler et al. observed that catechins from red wine, incorporated in diet, delayed the onset of breast tumors in HTLV-1 tax transgenic mice that develop spontaneous tumors [39] . Similar effects were observed in another study which showed that grape and wine polyphenols downregulated the expression of signal transduction genes and inhibited estrogen receptornegative MDA-MB231 tumors in nu/nu mouse xenografts [40] . Jara-Palacios et al. evaluated the anti-proliferative effects of white grape pomace extract (PWGPE), and some of its phenolic components on colon cancer cells [41] . PWGPE was found to significantly inhibit the proliferation of cancer cells. The individual ingredients, catechin, epicatechin, quercetin and gallic also inhibited colon cancer cell growth, at specific concentrations. In another study, the antioxidant/antiradical activity and the antiproliferative effect of different polyphenolic mixtures, extracted from grapes, containing catechin, epicatechin, gallic acid, glycosylated flavonols and procyanidin oligomers, were shown to significantly inhibit growth and a cell cycle distribution of Hepa-1c1c7 cells [42] . However, these in vitro studies are very preliminary in nature and needs to be verified in carefully planned detailed investigations, including in vivo animal models of cancer.
Procyanidins, the members of the proanthocyanidin class of flavonoids, are oligomeric compounds derived from catechin and epicatechin molecules. Antioxidant efficacy of five individual polyphenols (catechin, procyanidin B2, procyanidin B5, procyanidin C1 and procyanidin B5-3'-gallate), were assessed in a study, where they were shown to significantly inhibit epidermal lipid peroxidation [43] . Quesada et al. demonstrated that dietary catechins and procyanidins regulated zinc homeostasis in HepG2 human liver hepatocellular carcinoma cells [44] . Although this study used catechins from green tea, grape-seed procyanidin extract was used in the combination regimen. The authors found that the elevation of cytoplasmic labile zinc and extracellular complexation of zinc cations may be important mechanisms underlying the variation of diverse cell signaling and metabolic pathways by catechins and procyanidins [44] . In another study, Hanausek et al. evaluated three of the major antioxidant components found in grapes (resveratrol, catechin, quercetin), and grape seed extract, containing a proanthocyanidin B-2-gallate for their abilities to prevent oxidative stress and to protect the immune system [45] . Tested antioxidants given topically and/or systemically strongly inhibited DMBA-induced epidermal hyperplasia, proliferation, and inflammation. The hydroxylation of 2'-deoxyguanosine was noticeably impeded by dietary as well as topical administration of agents. Concurrent topical and dietary treatment with the antioxidants lessened these biomarkers, showing significant additive and in some cases synergistic effects [45] . In a similar study, resveratrol, quercetin, and catechin in combination has been shown as a potentiation agent for gefitinib against breast cancer, suggesting that combinatorial therapy with grape antioxidant may potentiate the effects of chemotherapeutic agents [27] .
Anthocyanins in combination
Anthocyanins are water-soluble pigments responsible for giving blue, purple and red colors to fruits and vegetables. Anthocyanins are abundant in purple grapes. In the European Union, Australia, and New Zealand, anthocyanins are approved for use as a food additive with an 'E notation' -E163. The "E" stands for "Europe" and used on food labels throughout the European Union. The existence of multiple anthocyanins together in dietary sources presents an excellent opportunity for their evaluation as cancer chemopreventive or therapeutic agents. The most abundant of the naturally occurring anthocyanins in grapes are the glycosides of cyanidin, malvidin, and peonidin. Although anthocyanins rich extracts or individual agents have been used in several studies, the combination of specific anthocyanins (cyanidin, malvidin, and peonidin) or a combination of specific anthocyanin(s) with other grape antioxidants have not been assessed for potential chemopreventive effects.
The anti-proliferative effect of cyanidin, malvidin, and peonidin have been tested in several studies. For example, Sorrenti and colleagues have shown that cyanidin imparts antiproliferative effects through activation of caspase-3 and induction of p21 protein in human prostate cancer cells [46] . Pratheeshkumar et al. have found that cyanidin-3-glucoside (C3G) prevented ultraviolet B (UVB)-stimulated oxidative stress and inflammation by modulating MAP kinase and NF-κB signaling pathways in SKH-1 hairless mice skin [47] . Similarly, malvidin has been shown to inhibit TNF-α-induced inflammatory response in endothelial cells, indicating its potential role in preventing chronic inflammation in many diseases including cancer [48] . Liu and colleagues have shown that peonidin-3-glucoside (P3G) and C3G inhibit the phospho-HER2 and phospho-AKT and induce apoptosis in HER2-positive breast cancer cells [49] . Further, in xenograft mouse models, P3G, and C3G, at the dose of 6 mg/kg (oral gavage) for a total of 25 days, were found to reduce the tumor growth. However, this study didn't notice any response-difference between P3G and C3G treatments, and no combination groups were assessed [49] . Interestingly, C3G has been investigated in combination with trastuzumab (a monoclonal antibody that interferes with the human epidermal growth factor receptor 2; HER2) in HER2-positive breast cancer cell in vitro (in MDA-MB-453, BT474 and HCC1569 cells) and in vivo (in xenograft model), and found to exert synergistic antitumor activity [50] .
Burton and colleagues have shown that anthocyanin containing muscadine grape skin extract inhibited Snail and pSTAT3, and abolished Snail-mediated cathepsin L activity, migration, invasion and osteoclastogenesis in the breast (MCF-7) and prostate (LNCaP, ARCaP-E) cancer cells [51] . Phytochemically, muscadine grapes differ from other varieties of grapes due to the prevalence of anthocyanin 3,5-diglucosides (delphinidin-3,5-diglucoside, cyanidin-3,5-diglucoside and petunidin-3,5-diglucoside), ellagic acid and ellagic acid precursors [52] . As of now, muscadine grape skin extract as a brand name 'Muscadine Plus' is in Phase II clinical trial being investigated for the management of prostate cancer (clinical trials.gov NCT01317199). Signorelli et al. have investigated the effect of Liofenol, a lyophilized extract of natural red wine containing miscellaneous polyphenols, flavonoids, and anthocyanins, in HCT116 colon cancer cells [53] . This study demonstrated a reduction in cell proliferation, increase in the levels of p53 and p21, activation of the Nrf2 signaling by Liofenol in HCT116 cells [53] . Jung et al. have determined the effect of purple grape juice rich in polyphenols and anthocyanins in the initiation stage of DMBA-induced rat mammary tumorigenesis in female Sprague-Dawley rats [54] . The authors found that the grape juice inhibited mammary tumor as well as DMBA-DNA adduct formation [54] . In a study by Park and colleagues, anthocyanins extracted from Korea wild berry Meoru (a wild grape) was found to decrease the expression of pGSK3β and β-catenin and increase AMPK activity resulting inhibition of tumorigenic potential of Hep3B hepatocarcinoma cell in a xenografted mouse model [55] . These studies and several others where anthocyanins have been tested in the form of extract or as bioactive agents suggest that it may be worth assessing specific anthocyanin-based combinations in further studies, especially in animal models.
In a recently completed human clinical trial, Czank et al. have determined the absorption, distribution, metabolism, and elimination of a 500 mg isotopically labeled cyanidin-3-glucoside in 8 male humans participants [56] . The study found that anthocyanins were comparatively more bioavailable, with their metabolites present in the circulation for 48 h after ingestion [56] . Thomasset and colleagues have investigated the chemopreventive effect anthocyanins against colorectal cancer in a pilot study, in 25 patients scheduled to undergo resection of primary tumor or liver metastases [57] . The authors found that patients receiving mirtocyan (an anthocyanin-rich standardized bilberry extract containing 0.5-2.0 g anthocyanins) daily for 7 days before surgery, generated enough concentrations of anthocyanins in plasma and tumor tissue, and decrease cell proliferation by 7% compared with pre-intervention values [57] . According to an estimate, total anthocyanin levels in fresh grapes range from 0.50 g/kg to 4.99 g/kg depending on the varieties of the grapes [58] .
These findings suggest that anthocyanins may offer chemopreventive and therapeutic potential, and needs to be evaluated in specific combinations.
Challenges and hopes
As discussed above and presented in figures 1 and 2, grape antioxidants seem to influence multiple regulatory genes and hallmark characteristic features of cancer, which contribute significantly to cancer development and progression. The ideal combinatorial approaches could be among agents with non-overlapping activities to yield additive or synergistic response, based on actions on different molecular targets. Unfortunately, there is limited literature available in this regard. Indeed, future studies need to be focused to identify such combinations. In addition, other common challenges with combination chemoprevention is the lack of immediate effects (especially for therapy regimens) and fear of unexpected toxic interactions among the agents. However, in the case of intra-combination among grape antioxidants, the toxicity is likely to be minimal due to the natural compatibility of the agents of interest. Moreover, the combination of grape antioxidants within its natural matrix are expected to affect metabolism, and therefore improved bioavailability to be advantageous in cancer management. Resveratrol has been well-appreciated for its beneficial effects. However, the issue of limited bioavailability of resveratrol appears to be hindering its potential use in cancer management. It has been shown that resveratrol is quickly metabolized in vivo to its sulfates and glucuronides, yielding low bioavailability of free agent. In a study, De Santi and colleagues found that several flavonoids (quercetin, apigenin, fisetin, kaempferol, and myricetin) inhibit the hepatic and duodenal sulphation of resveratrol [59] . In continuation, in a separate study, the authors further observed that these flavonoids also inhibit hepatic glucuronidation of resveratrol [60] . Interestingly, all these flavonoids occur naturally in grapes, suggesting that this and other similar combinations need to be carefully analyzed in future well-planned investigations.
The identification of synergism is generally straightforward when natural agents work in the same direction, such as functioning as antioxidants. However, a challenge is posed when two or more natural agents may negate their response, depending on the cell environment, dose and ratio of combination used. Many antioxidants are shown to have prooxidant activities that could lessen or abrogate the antioxidant properties, depending on specific combinations and conditions. However, the recent studies suggest that the antioxidant or pro-oxidant activity of natural agents closely depends on their dose, often serving as antioxidants to maintain redox homeostasis, at physiological doses [61] . Although antioxidants of grape in combination are likely to have natural compatibility, it is difficult to predict the synergism without well-planned studies. Therefore, the effects of the combination among grape antioxidants should be assessed using isobologram and combination-index methods, derived from the median-effect principle of Cho and Talalay [62] . Once synergism among antioxidants of interest is established, they may be evaluated in smaller human clinical trials.
Conclusion
Although not studied in much detail, it is conceivable that a combination of multiple (more than two) ingredients of grapes alone or together with other chemopreventive-or even chemotherapeutic agents could provide 'additive synergism' at multiple levels by more than one of the following: 1) targeting multiple pathways to enhance the response, 2) lowering the effective dose of agents to limit toxicity, 3) modifying the same targets to enhance effectiveness, and 4) enhancing the bio-availability of active agent(s). This may even lead to even broader synergy and, therefore, much-improved outcome. For example, a study by Nadova et al. compared the antioxidant properties of grape flavonoids rutin, myricetin, kaempferol and isorhamnetin with emphasis on the association of these antioxidant properties with their effects on the therapeutic efficacy of cytarabine, a chemotherapy agent against L1210 leukemia cells [63] . The authors found that the anti-proliferative effects were not correlative to their antioxidant properties, and combinational treatment of isorhamnetin, kaempferol, and myricetin with cytarabine led to synergism in their antiproliferative activities [63] . OElusarz and colleagues investigated the cancer chemoprevention abilities of resveratrol, quercetin, curcumin, apigenin, baicalein, genistein, epigallocatechin 3-gallate (EGCG), both under in vivo conditions in transgenic adenocarcinoma of the mouse prostate (TRAMP) mice as well as in vitro in prostate cancer cell lines [64] . Interestingly, when all seven natural agents were supplemented in combination as pure compounds or as crude plant extracts, well-differentiated carcinoma of the mouse prostate was significantly prevented. The in vitro data showed that all seven compounds inhibit the growth of human and mouse prostate cancer cell lines. The study further found that genistein, curcumin, EGCG, and resveratrol inhibit Hedgehog signaling monitored by Gli1 mRNA concentration or by Gli reporter activity [64] .
Similarly, in a recent study, Kausar and colleagues assessed the equimolar combination of five anthocyanidins (sugar-free counterparts of anthocyanins) (cyanidin, malvidin, peonidin, petunidin and delphinidin), and found synergistic cell growth inhibition in aggressive nonsmall-cell lung cancer cells H1299 and A549, with minimal effects on non-tumorigenic human bronchial epithelial cell (Beas2b) viability [65] . The study suggested that the superior combinatorial effects were possibly due to effect on multiple oncogenic signaling events, including WNT and Notch pathways, and targets like cyclin D1, cyclin B1, β-catenin, cmyc, MMP9, pERK, VEGF, Bcl2, PARP, TNFα, and NF-kB. In vivo in xenografts mouse model, the mixture of anthocyanidins at much lower dose was equally potent, further emphasizing the concept of additive synergism [65] . Keeping these things in consideration, a combination of grape antioxidants alone or in conjunction with other agents or chemotherapeutic modalities likely to provide a much-improved response, possibly even at a late stage of disease progression.
Although the combination of dietary agents derived from the grapes is likely to have limited toxicity, for an optimal combinatorial strategy, it's critical to pay intense attention to the safety issues associated with novel combinations. Indeed, grapes are considered a superior fruit in a variety of cultures and medicine systems such as in Ayurveda, which is one of the world's oldest medicine systems. The well-known phrase, 'too much of a good thing can make you sick', almost always seems to be true. Even the safest food could be toxic in certain situations. For example, a study has reported that 43 dogs who ingested grapes, raisins, or both, developed increased levels of blood urea nitrogen, serum creatinine, or both as well as clinical symptoms like vomiting, lethargy, diarrhea, and anorexia [66] . Thus, the optimal dose regimen for combinatorial strategies needs to be decided based on combination-index methods, derived from the median-effect principle of Cho and Talalay [62] . Accordingly, the synergism should be assessed based on the reduction of dose and toxicity, as well as minimize/delay the induction of drug resistance, if any. Extensive further studies, especially in vivo studies, are needed to design and characterized the best possible disease-specific optimal combinations. This calls for concerted efforts from researchers from multiple disciplines encompassing biomedicine, pharmaceutics, and clinics.
Acknowledgments
This work was supported, in part, by funding from the NIH (R21CA176867) and a grant from the California Table  Grape Commission. 
List of abbreviations

